Purpose To analyse the impact of female characteristics on assisted reproductive technology outcome among male haematological cancer survivors. Methods A retrospective analysis of 93 haematological cancer survivors attending our tertiary referral fertility centre between June 1998 and June 2017 for achieving fatherhood with assisted reproductive technology treatments. Results A progressive increase in the median female age was observed during the study period (32.2 years until the year 2007 and 36.9 years from the year 2012). Fifty-five out of 93 patients were treated with intracytoplasmic sperm injection (ICSI) (113 ovarian stimulations, 108 ICSI procedures). Cryopreserved ejaculated sperm was used in 28 couples, fresh sperm in 19, and thawed testicular sperm in 8 couples. Mean female age at ovarian stimulation was 37.0 ± 4.7 years. Twenty-six pregnancies resulted in a full-term birth (23% per started ovarian stimulation; 43.6% per couple) and 33 children were born. No significant differences were observed according to source of sperm (fresh, frozen, testicular) and multivariate analysis confirmed that maternal age was the only variable inversely related to the cumulative delivery rate, being five times lower (15.7%) when the female partner was ≥ 40 years (OR = 0.22, 95% CI 0.06-0.77) vs. 58.3% with younger women (p = 0.0037). Conclusions Delayed childbearing and female ageing affect ICSI outcome in couples where the male is a survivor of haematological cancer. This topic should be discussed when counselling male cancer patients about fertility preservation.
Introduction
Antineoplastic treatments for lymphatic or haematological malignancies impair spermatogenesis with a high risk of transient or irreversible infertility. An unfavourable outcome depends on several factors, as quality of spermatogenesis before treatment, type of malignancy, cancer treatment protocol and patient susceptibility [1, 2] . Nevertheless, it is impossible to predict whether a patient will become azoospermic or whether any of the sperm parameters will be impaired after the completion of antineoplastic therapy. Since fertility is an important factor for the quality of life of male patients with a history of haematological malignancies, to improve their chance of having biological children in the future, sperm should be cryopreserved [3, 4] . However, sperm cryopreservation is not always feasible like in pre-pubertal boys (< 11 years old) [5] , or for patients unable to provide sperm by masturbation, or for those needing immediate chemotherapy. When oncologic therapy causes irreversible azoospermia, testicular sperm extraction (TESE) can be still attempted [6] .
Assisted reproductive technologies (ARTs) have recently improved the chance of parenthood, even for patients with severe sperm defects [7] . Cancer survivors of lymphatic or haematological tumours have the highest rate of ART usage [8, 9] because bone marrow transplantation frequently causes irreversible testicular damage (38% in our population). This treatment increases the risk of irreversible testicular damage and decreases the probability of resumption of spermatogenesis.
In a recent systematic review of the literature referring to unselected cancer survivors [10] , ART was reported to give high chances of pregnancy (30%) and of live birth per cycle (25%). Cumulatively, 49% of cancer survivors had at least one child using ART or intrauterine insemination with cryopreserved semen. As these data refer to papers published for the most part before 2010 and the female age is not mentioned, we have retrospectively analysed a group of infertile haematological cancer survivors, to understand whether female ageing affects ART outcomes in these selected groups of cancer patients. Furthermore, we have compared our data with those of similar case studies for male lymphatic or haematological malignancies disease.
Materials and methods

Selection of participants and data collection
Male patients referred to our fertility centre with a diagnosis of Bhaematological malignancy^and that cryobanked sperm were selected by a query in our electronic clinical database. The information extracted from the medical records included age, partner age, cancer type, date of cryopreservation, oncologic follow-up, semen analyses after treatments, interest in reproduction, and spontaneous pregnancies achieved before or after cancer treatment. ART procedures performed during the 20-year period were also analysed. This retrospective study was approved by our hospital's institutional ethics committee and all patients provided written informed consent for the scientific use of their clinical data.
Sperm banking and testicular sperm extraction
Patients who cryopreserved semen signed an informed consent providing the medical indications and the terms and conditions for the cryopreservation of their sperm. Semen samples were analysed according to World Health Organisation (WHO) criteria [11] [12] [13] , then loaded in straws (Cryo Bio System), and cryopreserved following a rapid two-phase protocol [14] . Diagnosis of azoospermia was given after centrifugation of the entire semen sample. Patients were contacted yearly by trained health personnel about their intentions to keep their semen samples stored. When patients were ready to attempt reproduction male and female counselling was offered in our centre. For patients with irreversible azoospermia who did not cryopreserve semen, testicular sperm extraction (TESE) was offered. The procedure was performed as day surgery using open biopsy on both testes [15] . To estimate the amount of retrieved spermatozoa, a five-degree scale as described by Hauser et al. [16] was adopted. TESE was considered successful when sample was ≥ 2 degrees (at least a single spermatozoon observed in each microscopic field) and suitable for at least one intracytoplasmic sperm injection (ICSI) cycle with thawed sperm.
For patients with unsatisfactory fertility recovery, or when a female factor could have reduced the chances of pregnancy, ICSI [7] was offered.
Female population
Ovarian reserve testing included cycle day 3 estradiol and serum follicle-stimulating hormone (FSH) levels until 2010, while antral follicle count (AFC) [17] and serum AMH levels [18] were added in the evaluation thereafter. Female infertility co-factor aetiologies were grouped into low ovarian reserve [19] , endometriosis, polycystic ovarian syndrome, and tubal factor. ICSI outcomes in oncologic patients were compared with the results of 132 non-oncologic couples (controls) of the same age during the same treatment period.
Intracytoplasmic sperm injection
The protocols for ovarian stimulation consisted of GnRH agonist long protocol, GnRH antagonist protocol, or flare-up GnRH agonist protocol and recombinant follicle-stimulating hormone (rFSH) or human menopausal gonadotrophins (HMG) with starting doses determined according to antiMüllerian hormone (AMH), antral follicle count (AFC), and body mass index (BMI) or considering previous treatment cycles in patients at repetitive attempts.
Long GnRH agonist protocol was based on the administration of daily leuprorelin (Enantone die, Takeda, Italy) or triptorelin depot (3.75 mg IM, Decapeptyl®, Ipsen, Milan, Italy) on day 21 of the previous luteal phase of the stimulation cycle. When pituitary desensitisation was achieved (14 days after the initiation of GnRH agonist), as evidenced by the absence of ovarian follicles > 10 mm and endometrial thickness < 5.4 mm on transvaginal ultrasound examination, gonadotropin stimulation was initiated. In the GnRH antagonist protocol, women received a low-dose oral contraceptive started on cycle day 1 of the previous cycle for 21 days. From 3 to 4 days after the last pill, the first day of withdrawal bleeding gonadotropin stimulation was initiated and when the leading follicle reached 13-14 mm in mean diameter, and/or plasma E2 exceeded 400 pg/ml, an injection of 0.25 mg of GnRH antagonist (Cetrotide®, Merck Serono, Rome, Italy; Orgalutran®, Organon, MSD-Italy) was administered SC daily until the day of ovulation trigger.
In the flare-up GnRH protocol, women on day 1 of their spontaneous menstrual or a withdrawal bleeding after receiving a low-dose oral contraceptive started on cycle day 1 of the previous cycle for 15-21 days, triptorelin (0.025 mg/day) and gonadotropins were started.
A starting variable dose of gonadotropin rFSH (Puregon®, MSD-Italy; Gonal-F, Serono, Rome, Italy) or hMG (Meropur®, Ferring, Milan, Italy) for the first 4 days and then an individualised dose was administered according to the parameters resulting from transvaginal ultrasound and estradiol and progesterone levels until the day of ovulation trigger. When at least three follicles with a mean diameter > 18 mm were observed, 250 μg of recombinant human chorionic gonadotropin (hCG) (Ovitrelle; Merck Serono) was administered subcutaneously. Transvaginal oocyte retrieval was performed 36 h after hCG injection. Embryo transfer was performed 48-120 h after oocyte collection. Luteal phase was supported in all patients with vaginal progesterone (Crinone 8%; Merck Serono or Prometrium; Rottapharm). Serum hCG was assessed 2 weeks after embryo transfer and then every 48 h until a value over 1.000 mIU was detected and a vaginal ultrasound was scheduled 4 weeks after the embryo transfer.
ICSI procedure was performed as previously described [7] . After injection, oocytes were incubated in 20 μL drops at 37°C, 5% O 2 and 5% CO 2 ; fertilisation was assessed after 17-20 h and embryo cleavage 24 h thereafter. Embryos were transferred into the uterine cavity 48-72 or 120 h (day 2-day 3 or day 5) after ICSI. All patients were given the option of oocyte freezing (since during the period 2004-2009 only oocyte cryopreservation was allowed) or embryos [20] . Clinical pregnancy was defined as the ultrasound visualisation of one or more gestational sacs. A live birth event means either a single or a multiple birth.
Data analysis
Data were described as numbers and percentages, or means and standard deviations, as appropriate. Differences among groups were explored with the Kruskal-Wallis test or chisquare test with Fisher correction, as appropriate. Possible risk factors for pregnancy were analysed with logistic regression analysis. All factors with a p value less than 0.1 were subjected to stepwise multivariable analysis. A p less than 0.05 was considered as significant. All analyses were performed using Stata13 (2013, Stata Corp, TX, USA, www.stata.com).
Results
A total of 213 patients with a diagnosis of haematological malignancy attended our fertility centre between June 1998 and June 2017 ( Table 1) . The age at oncologic treatment start was 28.6 ± 9.5 (SD) years (range 2.6-49.5 years). The cancer diagnoses were Hodgkin's lymphoma (n = 110), nonHodgkin's lymphoma (n = 69), leukaemia (n = 29), and myelomas (n = 5) ( Table 1) . Of patients who were older than 30 years old at treatment start (n = 97; median age 35.8 years, range 30.3-49.5 years), 12 had completed their family (12.3%), a lower value compared to other studies [9, 21, 22] .
Of the 156 patients who attempted sperm cryopreservation before oncologic treatments, 148 were successful with a mean of 13 cryopreserved vials (range 1-57). Eight patients were found to be azoospermic prior to cancer treatment. Additionally, 18 patients cryopreserved semen after at least one chemotherapy cycle (mean of 8 vials, range 0-25), but one was found to be azoospermic. The remaining 39 patients did not cryopreserve sperm before antineoplastic therapy. Of these, 14 were subfertile and 25 azoospermic. Failure to bank sperm was due to their young age at diagnosis (8 patients < 13 years), refusal justified by paternity prior to diagnosis (5 patients), or lack of information (26 patients).
A total of 24 azoospermic patients (5 at the time of sperm banking, 19 who had not cryopreserved) underwent TESE. Spermatozoa were recovered and frozen in 10 patients (range 1-8 cryopreserved vials). Fourteen patients had complete spermatogenic failure (Sertoli cell-only syndrome). No difference in FSH values was present in the two groups: 15.8 ± 6.2 (SD), range 2.15-28.8 mU/ml vs. 22.8 ± 10.8 (SD), range 7.7-45 mU/ml (p, ns). Some of the azoospermic men were offered adoption or donor sperm (Table 1) .
Patients with procreative motivations During the analysed period, 93 patients tried to reproduce. The average age of the patients was 37.7 ± 6.2 (SD) years (range 26.2-61.9 years). The mean time interval from the cancer diagnosis was 10.5 ± 8.7 years (range 0.2-33.1 years). A long wait time (> 15 years) was often related to the onset of the cancer at a young age (18/27 were under 20 years old). Clinical and reproductive characteristics of male cancer survivors with procreative motivations are reported in Table 2 . Fourteen azoospermic patients (15%) were unable to proceed due to lack of sperm during TESE. Of these patients, 4 had attempted sperm freezing but were already azoospermic, while the remaining 10 did not cryopreserve sperm before oncologic treatments. Two of these couples resorted to IVF with donor sperm. One couple achieved a full-term pregnancy (wife aged 33.5 years), while the other did not get pregnant (wife aged 41.8 years).
Two patients who successfully cryopreserved ejaculated (n = 1) or testicular sperm (n = 1) died prior to IVF due to recurrence of Hodgkin's and non-Hodgkin's lymphomas.
Six have not proceeded with ICSI, while 5 men with normal semen parameters have just started trying to reproduce. Finally, 11 patients (11.8%) achieved a full-term spontaneous pregnancy (15 healthy children born), 5.9 ± 2.8 (SD) years after the diagnosis (range 1.7-10.7 years). Median female age of the latter group was 33 years. The mean female age of these 93 couples was 35.4 ± 5.1 (range 24.6-47.5 years), and as shown in Fig. 1 , we observed a progressive increase in the women's mean age over the two decades examined (Fig. 1) . Overall, 55 couples entered an ART programme with controlled ovarian stimulation (COS) (in total 113 COS cycles).
Female age at COS was 37.0 ± 4.7 years. Sixteen women had a reduced ovarian reserve at COS (29.1%) and 3 had ovarian endometriosis (5.4%). ICSI was routinely used. Five ICSI were cancelled due to poor ovarian response (n = 4) or absence of testicular spermatozoa after thawing (n = 1). Of the remaining 108 COS attempts with ICSI, cryopreserved sperm was used in 52 cycles, fresh sperm in 35, and, finally, testicular in 21. No differences in fertilisation rate (p = 0.417), implantation rate (p = 0.357), pregnancy (p = 0.145), and delivery rate (p = 0.322) were observed according to sperm source, albeit higher fertilisation failure rate was observed for testicular sperm (5 out 21, 23.8%) (p = 0.052). In 5 couples, the embryo transfer was postponed due to the risk of ovarian hyperstimulation syndrome. In total, 195 fresh and 42 cryopreserved embryos were transferred in 93 and 22 procedures, respectively. Twenty-six pregnancies resulted in a full-term birth (23% per started controlled ovarian stimulation; 43.6% per couple) and overall 33 children were born ( Table 3 ). The cumulative full-term birth rate per started controlled ovarian stimulation was similar in both study population and control population (23% vs. 21.6%) (p = 0.878).
No major malformations were reported during the paediatric follow-up. The proportion of live-born males out of all live births was 0.45 (15/33). Preterm births (22-36 completed weeks of gestation) resulted from 5/7 twin pregnancies (range 27-35 weeks) and low birth weights (500-2499 g) were observed in 11 newborns (range 0.57-2.4 kg), 10 twins and 1 singleton. In the control population, preterm births and the number of low birth weights were not significantly different ( Table 3) .
The prognostic factors for successful ICSI outcome were evaluated by univariate logistic regression analysis. Factors Values are mean ± SD or number (percentage). COS controlled ovarian stimulation, ET embryo transfer, IR implantation rate, PR pregnancy rate 
Discussion
Scientific literature about fertility in male survivors of haematological cancer included studies on sperm damage caused by various cancer treatment protocols [23] , on the rate of utilisation of banked samples [10] , and on the results of ART using cryopreserved sperm [24] or testicular-retrieved sperm [25] . This is a heterogeneous population suffering from different types of cancer, which occur at various ages (the age of onset in our population ranges between 2.6 and 49.5 years). Whenever possible, sperm cryopreservation is certainly an effective solution. Approximately 15% of our male cancer survivors who desired fertility were unable to have biological children because of azoospermia and failed TESE. This highlights the need for adequate counselling about fertility preservation prior to the initiation of chemotherapy, as these men could potentially have improved their chance of having biological children if they had banked sperm prior to chemotherapy. However, only a small percentage of these patients use cryopreserved sperm [10] . Recent national cohort studies on male cancer survivors born during 1960 and 1998 [26] and 1965-1985 [27] showed a significant reduction in marriage and paternity and an increased use of assisted reproduction for men with haematological cancers, stressing the life-long impact of their earlier illness on social behaviour and choices [26] .
Our study aimed at highlighting some topics observed in new generations and rarely mentioned in the scientific papers published so far. The first issue refers to the extremely low paternity rate before cancer diagnosis. Of 97 patients who were older than 30 years old at diagnosis and were seen at our fertility centre to cryopreserve sperm or to achieve fatherhood, only 12.3% already had a child. This finding seems difficult to understand if we consider that in Italy, between 1982 and 1996, the paternity rate before stem cell transplantation for haematological cancer was 28% [21] , while in Norway for cancer patients born between 1967 and 1978, it was 26% [22] and in European Hodgkin's lymphoma survivors treated between 1974 to 2004, it was 48% (403 out 902) [9] . The only plausible explanation is that, over the last 20 years, the male age at first fatherhood has considerably increased in this selected population and that, at the time of being diagnosed with cancer, many men had not yet even considered becoming a parent. The Italian National Statistics Institute (ISTAT) report an average age of 30.8 years in women giving birth to their first child in 2015-the highest in Europe (where the average is 28.9 years)-and a mean age for men fathering a child of 35.3 years [28] . Interestingly, this reproductive scenario is similar to that of Spain and Greece, both southern European countries that have been particularly affected by the recent financial crisis, but also that of Switzerland and Luxembourg, whose socioeconomic situations are the complete opposite of that in southern Europe [29] .
The second issue is the low spontaneous pregnancy rate occurring after surviving cancer (11.8% over 7-185 months of sexual intercourse, median 45.2 months), if compared to 61.6% reported by van der Kaaij et al. [9] on 334 Hodgkin's lymphoma survivors with procreative intentions, treated between 1974 and 2004. We underline that only 38.7% of our patients wishing a child recovered sperm production and this can be explained by the high number of patients undergoing bone narrow transplantation (36 out of 93).
The third issue is the demonstration, in the last 20 years, of a progressive increase of female ageing in couples of cancer survivors with procreative desires. In our fertility centre, the median age of non-cancer-related women (n = 29,252) has been substantially stable over the last 20 years (36 years until 2007 and 37 years until 2008). On the other hand, the partners of male cancer survivors were clearly younger (average age 32.2 years up to 2007 and 34.2 years up to 2011), in line with data published by other investigators [24, [30] [31] [32] . Starting in 2012, the average women's age has increased reaching that of the general infertile population. This change in reproductive demographics has been associated with an increase in ART requests after antineoplastic treatments in male haematological cancer survivors, when compared to the general population [27] . In our study, ART procedures were used by almost 60% of patients with reproductive intentions.
We want to emphasise that our data refer to ICSI cycles carried out with cryopreserved ejaculated or thawed testicular sperm and also with fresh sperm in patients with oligoastheno-teratozoospermia who did not bank sperm prior to cancer treatment or, for cases of purely female fertility determined by age and reduced ovarian function [33] .
The cumulative success rate of ICSI was high. Van der Kaaij et al. [9] reported 62% success rate per couple in Hodgkin's lymphoma survivors, while Babb et al. (2012) [8] reported 18 successful pregnancies in 25 patients (72%) undergoing stem cell transplant (SCT) for acute or chronic myeloid leukaemia. However, female age was not reported. We found only four studies [24, [30] [31] [32] reporting average female age at the time of assisted reproduction, being respectively 34.3, 34.8, 31.2, and 32 years, far below our data (women's average age 37. 0 ± 4. 7 years). If we consider that in our population 1 in 5 female partners were aged ≥ 40 at the time of COS, and almost 1 in 3 had a poor ovarian reserve, according to the Bologna criteria [19] , it is easy to understand why our cumulative delivery rate per couple is lower (43.6%). Because delayed childbearing/female ageing is progressively increasing since the 2000s, the ART success rates described in past decades are no longer applicable and this should be discussed with cancer patients before sperm cryopreservation.
The major limitation of this study is the low number of patients performing ART, although it represents one of the biggest case histories for haematological cancer survivors [6, 8, 9, 24, 25, [30] [31] [32] 34] . Another limitation of this study is the presence of different forms of lymphatic or haematological malignancies and no detailed discussion of the chemotherapy regimens used and their disparate effects on fertility. Another limitation of our study is that ART results were limited by the introduction of Italy Law 40 of 2004, banning the cryopreservation of embryos during the 2004-2009 period and that, even today, narrowing the use of sperm and oocytes from donors, driving couples to resort to IVF in other countries [20] . Finally, our study might reflect a socio-economic condition limited to southern Europe.
In summary, this study offers new insight into reproductive habits of haematological cancer survivors and the risks of childless linked to delayed childbearing. As a result, we think this topic should be taken into consideration by national health institutions and scientific and patient associations.
